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Epithelial transport of potassium
ANTHONY D. C. MACKNIGHT
Department of Physiology, University of Otago Medical School, Dunedin, New Zealand
Recent investigations of ion transport across epi-
thelia have placed much emphasis on sodium move-
ments. Less attention has been given to trans-
epithelial potassium transport, which in general
contributes much less to total ion movement than
does sodium. Yet, the movement of potassium across
epithelial cells and its regulation are essential for
potassium homeostasis. This review discusses some
of the factors which affect potassium movements
across cellular membranes, and across epithelia, it
summarizes our knowledge of potassium transport
across different epithelia, and it looks briefly at the
dependency of transepithelial sodium transport on
potassium in the medium bathing the inner surface of
the epithelial cells.
Factors determining transepithelial movements of potassium
The structural complexity of epithel:ia varies from
tissue to tissue. At its simplest, an epithelium can
consist of a single layer of transporting cells sup
ported by a basement membrane, with capillaries in
close apposition—such a structure is seen, for ex-
ample, in the mammalian nephron. Alternatively, as
in amphibian skin, there may be many layers of epi-
thelial cells, not all of which are capable of active ion
transport, supported by a relatively large quantity of
connective tissue and smooth muscle fibers, inter-
spersed with blood vessels an:d nerves. Yet, there are
many difficulties when one attempts to analyze trans-
epithelial ion movements across even the simplest
epithelium. Cellular heterogeneity often poses prob-
lems as, for example, in the distal tubule of the mam-
malian nephron, the gastrointestinal tract, and the
amphibian urinary bladder. The realization in recent
years of the important contribution paracellular
pathways may make to the total ionic flux [I] has
resulted in a major reorientation in our thinking
about transepithelial ion and water movements: [2—4].
In the past, many investigators were satisfied to char-
acterize transepithelial ion movements in terms of the
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physicochemical forces acting across the whole epi-
thelium. in the absence of net fluxes of other solutes
or of water, the unidirectional movements of an ion
such as potassium could be determined and related to
the electrochemical potential gradient for the ion
across the whole epithelium. The finding that the
ratio of the two unidirectional fluxes was that pre-
dicted from the measured transepithelial electrical
potential and the differences in medium ion concen-
trations would be consistent with passive movement
[51. However, inequality between the flux ratio and
the electrochernical potential gradient cannot un-
equivocally establish active transport [6]. Alterna-
tively, in a steady state the Nernst equation has been
used to decide whether or not an ion is distributed at
electrochemical equilibrium. Such simple analyses
are no longer possible if other species cross the epi-
thelium concurrently, when coupling between solute
and solute or between solute and water may occur.
Analyses of such situations are sometimes possible
through irreversible thermodynamics.
The introduction by Ussing and Zerahn [7] of
the short-circuit current technique stimulated the
investigation of ion transport by epithelia, for in suit-
able e.pithelia, it allowed quantitation of the energy-
dependent active transport of ions. Thus, the pres-
ence of a spontaneously-generated electrical potential
difference across an epithelium bathed on both sur-
faces: with solutions of identical composition is pre-
sumptive evidence that there must be a net movement
of some ion across the epithelium against its electro
chemical potential. The negating of this potential
difference through a suitable external circuit allows
the current generated by such active transport to be
determined. This "short-circuit current" must be
equal to, but opposite in sign from, the current flow-
ing across the epithelium. The measurement of the
two unidirectional fluxes of ions under such condi-
tions allows both the identification of the specific ion
or ions being transported by the epithelium and cal-
culation of their fractional contributions to total ac-
tive ion transport. In amphibian skin and urinary
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bladder, most, if not all, of the current flow results
from active sodium transport [7, 8]. In other epithelia
more than one ion may be transported.
Yet these approaches, which treat the epithelium
itself as a "black box," valuable as they have been,
have not provided information about the pathways
through which ions may move, nor have they given us
information about the factors which determine how
ions cross the cells themselves. We need to know not
simply the electrical potential gradient across the
whole epithelium, but the electrical potential gradient
across each of the two cellular membranes arranged
in series—the apical, mucosal, luminal, or outer
membrane separating the luminal contents from the
cell interior, and the basolateral, serosal, peritu-
bular, or inner membrane separating the cell inte-
rior from interstitial fluid. We need also to know the
thermodynamic activity of the ion or ions in which
we are interested, rather than their estimated concen-
tration, in the cellular compartment concerned in
transepithelial transport, as well as in the fluids bath-
ing both surfaces of the cell. A knowledge of electri-
cal potential difference across each membrane and of
ionic activity would allow calculation of the electro-
chemical potential gradient for ions across each
membrane. Knowledge of the electrochemical gra-
dient for an ion, however, tells us nothing of the rate
of movement of that ion across the tissue. For this we
need a knowledge of the conductances of the cell
membranes and of the paracellular pathways.
Thus, a complete characterization of the move-
ments of potassium across epithelia requires knowl-
edge not simply of the transepithelial electrochemical
gradient for potassium and the overall conductance
of the epithelium to that ion. It requires measure-
ments from which electrochemical potential gradients
at both luminal and peritubular membranes can be
calculated and estimates of membrane and para-
cellular potassium conductances.
Measurements of electrical potentials in epithelia.
Transepithelial potential difference can be measured
with two electrodes, one in the solution bathing the
luminal surface, the second in the solution bathing
the basolateral surface of the epithelial cells. With
tissues such as frog skin, toad urinary bladder, and
intestine, no particular technical difficulties exist.
However, in epithelial tubules, such as salivary ducts
and renal tubules where luminal diameters are very
small, problems may be encountered. An example is
provided by the renal tubules, where we still do not
have measurements with which all workers are in
agreement. Earlier estimates of proximal tubular po-
tentials of 20 mV or so, lumen negative, in mamma-
lian nephrons [91 have since been rejected, and there
is now evidence that potentials may range from a few
millivolts negative to a few millivolts positive in this
segment, depending upon both the composition of
the luminal fluid and the distance along the tubule at
which the measurements are made [10—14]. Similarly,
transepithelial potential in the distal tubules may be
less negative than has been previously thought [15,
16].
Measurements of potential differences across lu-
minal membranes, between cell and luminal fluid,
and across basolateral membranes, between cell and
serosal solution, pose a great many additional prob-
lems. First, there are the technical difficulties of ob-
taining stable reproducible readings with Ling-Ge-
rard microelectrodes of tip diameters less than l.
But once stable readings have been obtained, their
significance remains to be established. Schultz
[17—19] has analyzed the significance of the potential
recorded in relation to the relative resistances of the
pathways through which ions can cross the tissue. In
epithelia which have high resistance shunt pathways
between the cells (e.g., mammalian collecting duct,
gastric mucosa, frog skin, toad urinary bladder), the
potential differences measured across the cellular
membranes should reflect the true orientation and
should approach in magnitude the actual electrical
driving force across the membrane. In such epithelia,
it has been found that the interior of the epithelial cell
is electrically positive with respect to the luminal
solution. A further positive step characterizes the
potential of the serosal solution with respect to the
cell interior (toad skin [201; toad urinary bladder [21];
gastric mucosa [22]). Epithelia, however, in which the
shunt pathway offers little resistance to ion move-
ments in comparison to the cellular membranes
("leaky" epithelia [I]), such as mammalian proximal
tubule and small intestine, are continuously "short-
circuited" as ions flow through the shunt pathway.
Measurements of luminal membrane potential differ-
ences in such epithelia invariably yield readings in
which the cell interior is negative with respect to both
the luminal and serosal solutions. But as Schultz [18]
makes plain, the finding in "leaky" epithelia that the
cell interior is electrically negative with respect to the
luminal solution does not exclude the possibility that
the electromotive force across the membrane is in fact
oriented in the same direction as that measured in
tight epithelia. This possibility becomes of real im-
portance when attempting to decide whether or not
potassium ions move across luminal membranes ac-
tively or passively.
Measurements of cellular potassium. The determi-
nation of the thermodynamic activity of cellular po-
tassium requires direct measurement of this activity.
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The relatively recent development of potassium-spe-
cific microelectrodes has made such measurements at
least theoretically possible. The very real difficulties
in such determinations have been reviewed [23].
Apart from problems related to calibration of the
electrode which result from the great differences be-
tween cellular composition and the simpler composi-
tion of the ion solutions usually used for the calibra-
tion, the need to insert a reference microelectrode
into the cell, together with the potassium-sensitive
microelectrode, has presented great difficulties, par-
ticularly in cells in mammalian epithelia, which may
be only 10 ,u or so in diameter. A number of workers,
however, have succeeded in obtaining reproduci-
ble measurements with potassium-sensitive micro-
electrodes, for example, in muscle [24—26], in am-
phibian [27] and mammalian [28—30] renal tubular
cells, in amphibian intestinal epithelial cells [31], and
in mammalian cardiac muscle (32, 33]. In most tis-
sues investigated, cellular potassium activity mea-
sured with ion-sensitive microelectrodes has been
close to cellular potassium concentration derived
from chemical analyses. In rat renal proximal and
distal tubular cells, however, Khuri and his associates
[28—30] measured potassium activities of 40 to 50 mrvi,
substantially less than concentrations determined by
chemical analyses. The reasons for this discrepancy
remain to be determined. Possible explanations,
other than technical difficulties, include "binding" of
cellular potassium, compartmentation of potassium,
and cellular heterogeneity.
In the absence of knowledge of cellular potassium
activities, estimates of cellular potassium concentra-
tion have often been used to examine potassium dis-
tribution across epithelial membranes. It might seem
that the difficulties in such estimations are less than
those involved in estimates of cellular sodium or
chloride concentrations, for unlike these ions, potas-
sium is located predominantly intracellularly. Analy-
sis of epithelial cell preparations such as isolated
renal tubules [34], slices of mammalian renal cortex
[35—381, and epithelial cell scrapings from toad
urinary bladder [39], therefore, provide an accurate
measure of cellular potassium content (expressed for
example as mmole/kg of tissue dry wt). They do not,
however, necessarily allow an accurate expression of
cellular potassium concentration. Such a "concentra-
tion" may be derived by dividing cellular potassium
content by cellular water content. But, first, this as-
sumes that the chemical used to measure extracellular
space does in fact do so. Perhaps the most commonly
used extracellular marker in epithelia has been inulin.
Yet, apart from possible technical problems with iso-
topic purity [401, there is evidence that inulin may
enter cells [41, 42] from which, fortuitously, it may
fail to be extracted from dried tissue [42]. Thus, there
are problems in measuring etracellular water in iso-
lated tissues which remain to be resolved. Errors in
estimation of extracellular water affect derived cellu-
lar potassium concentrations though not cellular po-
tassium content [42]. Second, in deriving cellular ion
concentration, the assumption is made that all the
ions are uniformly dissolved in all the water. There is
little evidence to support such a view. Cell organelles,
such as mitochondria and endoplasmic reticulum,
may contain ions at quite different concentrations
from cytoplasm. There has been considerable specu-
lation about ion and water contents of nucleus rela-
tive to cytoplasm. Analysis of nuclei separated from
liver cells in nonaqueous isolation media [43, 44]
have suggested that nuclei may contain more sodium
and chloride than cytoplasm. A similar suggestion
has been made for Ehrlich ascites tumor cells [45].
Nuclear potassium, however, seems little, if any,
higher than cytoplasmic potassium, and a recent
study using potassium-specific microelectrodes has
failed to demonstrate any differences in potassium
activity between nuclei and cytoplasm in salivary
gland cells of Chironomus [46].
Experiments in which the exchange of potassium
between cells and medium has been followed with
radioactive potassium have also raised questions
about the possible compartmentation or binding of
potassium in epithelial cells. In early work with slices
of rabbit renal cortex, N4udge [47] found that though
all the tissue potassium exchanged with 42K in me-
tabolizing tissue, almost one half of the smaller
amount of potassium retained under anaerobic con-
ditions seemed to be nonexchangeable. Similar find-
ings have been reported in renal cortical tissue [48,
49], and also in skeletal muscle of frogs [50] and rats
[51]. Such observations with isotopes, together with
the findings in mammalian tissues that potassium
seems to be lost only slowly from cells whose metab-
olism is inhibited (e.g. liver [52], kidney [53—55]),
have been interpreted as evidence for some specific
associations between cellular constituents and potas-
sium-"binding"—a possibility which has been advo-
cated from time to time since at least 1912 [56], and in
recent years most forcefully by Ling and Cope
[57—59].
Some of the difficulties in determining exchange of
potassium between mammalian renal tissue and me-
dium in vitro may relate to the thickness and relative
complexity of the renal cortical slice. Burg, Groll-
man, and Orloff [60] found that, in contrast to earlier
measurements using rabbit renal cortical slices [47,
61], separated rabbit renal tubules exchanged potas-
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sium much more rapidly. The two cellular potassium
compartments which had been observed were later
ascribed by Burg and Orloff [621 and Burg and Abra-
mow 163] to heterogeneity of cellu'ar populations.
Thus, it was found that the exchange rate for 42K
differed between isolated segments of the nephron
incubated in vitro, being most rapid in the thick as-
cending limb and slowest in the proximal tubule and
collecting tubule [63].
However, other epithelia may have cells in which
potassium is not uniformly and homogeneously dis-
tributed. Robinson and Macknight [64] have de-
scribed at least two potassium compartments in toad
bladder epithelial cells, one of which, comprising
one-quarter to one-third of potassium, exchanged
with a half-time of about 30 mm. The other com-
partment or compartments had a much slower rate of
exchange. Indeed, it was impossible to label all cellu-
lar potassium with 42K over 19 hrs' incubation at
room temperature (18 to 200 C), and it was calculated
that about 56 hrs' incubation would have been re-
quired for complete labelling. The amount of potas-
sium in the rapidly equilibrating potassium com-
partment was similar to the amount of potassium
which exchanged with medium rubidium and to the
decrease in cellular potassium content seen after 60 to
120 mins' incubation with ouabain or in a potassium-
free medium. These observations lend support to the
possibility that only about one-third of the cellular
potassium in this epithelium is in free solution in the
cytoplasm.
In summary, the thermodynamic activity of cellu-
lar potassium has yet to be measured in many epi-
thelia. In the absence of such measurements, esti-
mates of cellular potassium concentration have been
based on chemical analyses of epithelial tissues, mea-
surements of "extracellular" space, and the assump-
tion that all the cellular potassium content is
uniformly dissolved in all the derived cellular water.
Because of the possibilities both of inhomogeneities
in distribution of cellular potassium between organ-
elles and cytoplasm, and of effects of cytoplasmic
constituents on cytoplasmic potassium activity
("binding" of potassium), all such estimates of cellu-
lar potassium concentration must be suspect.
Regulation of cellular potassium
Consideration of the difficulties in determining the
true transepithelial potential difference and of mea-
suring the luminal and basolateral membrane poten-
tials to define the electromotive forces driving ions
across these membranes, together with the paucity of
information and the technical problems associated
with defining the thermodynamic activity of cellular
potassium, show the great problems which confront
us in characterizing potassium movement across cel-
lular membranes and across epithelia. Nevertheless,
it is important to analyze the information we cur-
rently possess about both processes.
Potassium is accumulated intracellularly as a con-
sequence of energy-dependent sodium extrusion,
being either coupled to this extrusion directly or as a
consequence of the potential difference established
across the membrane by rheogenic sodium extrusion.
Since cellular potassium content and cellular volume
remain constant in metabolizing cells, this steady
state requires that potassium leave the cell as rapidly
as it enters. The permeability of many cellular mem-
branes is much greater to potassium than it is to
sodium. This is not, however, true of both mem-
branes in most epithelial cells. Though the basolat-
eral membranes are usually much more permeable to
potassium than to sodium, the luminal membranes
do not generally share this characteristic. Of the two
cations, only sodium seems to cross luminal mem-
branes readily, in many instances seemingly by car-
rier-mediated movement rather than by simple pas-
sive diffusion [65—70]. An example of the imper-
meability of the luminal membrane to potassium is
provided by the epithelial cells of the toad urinary
bladder. Only 1.5% of cellular potassium (6.3
mmoles/kg of dry wt of a cellular potassium content
of 438 mmoles/kg of dry wt) equilibrated across the
luminal membrane over 60 mm with 42K in the me-
dium bathing that surface [64]. Even the luminal
membranes of those cells, such as some of the cells
lining the mammalian distal tubule, which seem to
secrete potassium into the tubular lumen, are more
permeable to sodium than to potassium [71].
Thus, in epithelial cells, the maintenance of cellular
potassium involves predominantly exchanges of po-
tassium between cells and extracellular fluid across
the hasolateral membrane. The mechanisms involved
in potassium accumulation by cells however, have
been studied most extensively, not in epithelial cells
but in mammalian erythrocytes.
Erythrocytes in most mammalian species (but not
in cat, dog, and in some breeds of sheep, cattle, and
goats) exhibit the typical high concentration of potas-
sium and low concentration of sodium which charac-
terizes mammalian cells generally. They are in many
ways atypical cells, however, being non-nucleated
and having membranes which are comparatively very
impermeable to cations. Nevertheless, studies of ion
movements in these cells have contributed much to
our understanding of cation transport across cell
membranes. Detailed reviews of aspects of these stud-
ies will be found in recent articles by Glynn and
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Karlish [72], Jrgensen [73], Schwartz, Lindenmayer,
and Allan [74] and Lauf [75], and in the volume of
the A nnals of the New York A cademy of Sciences
edited by Askari [76]. It is now generally accepted
that the high cellular potassium and low cellular so-
dium result from the activity of the sodium "pump,"
as first postulated by Dean [77]. This "pump" is an
energy-dependent mechanism sited in the cellular
membrane, which transports sodium from the cell to
the interstitial fluid as fast as it moves by passive
diffusion down its electrochemical potential gradient
into the cell. There is a broad consensus that the
energy for this transport comes from adenosine
triphosphate (ATP) hydrolyzed in the region of
the membrane by the enzyme (sodium-potassium)-
activated, magnesium-dependent ATPase—(NaK )-
ATPase—first isolated from crab muscle by Skou
[78]. This enzyme is specifically inhibited by cardiac
glycosides such as ouabain [79]. Whether this enzyme
itself provides the "carrier" for the ion movements
across the membrane or whether other intermediates
are involved is still debatable [72, 80]. It requires for
its full activity in vitro not only sodium but also
potassium, and studies using red cell ghosts have
shown that sodium activates transport from inside
the cell while potassium activates on the outside [81].
There is a general belief that the outward movement
of sodium across the membrane is linked, on the
pump mechanism itself, to the inward movement of
potassium. In erythrocytes this linkage is no longer
believed to be a strictly I : I coupled movement as
was once thought. Instead, the best estimates suggest
a linkage of 3 Na :2 K[72, 82]. The consequence of
this is that the pump mechanism itself must make a
direct contribution to the potential difference across
the membrane. Though often described as elec-
trogenic, this is better described [83] as rheogenic
sodium transport, and has been reviewed by Thomas
[84].
In epithelia, the enzyme (Na-K)-ATPase may not
be distributed evenly over the total membrane area.
Rather, fractionation studies [85, 86] and autoradiog-
raphy [87, 88] using 3H-ouabain, localize it to the
basolateral surface of the membrane. This is consis-
tent with the finding that cardiac glycosides, such as
ouabain, inhibit transepithelial sodium transport
when present in the serosal medium, but not when
present only in the luminal solution [89—93]. Thus,
the localization of the (Na-K)-ATPase and effects of
ouabain support the conclusion that the major site of
active sodium extrusion from the epithelial cell is
across the basolateral membrane and that potassium
uptake arising from this sodium extrusion must occur
across this membrane. The relationship between the
two ion fluxes in epithelia, however, is only poorly
understood. Though tight neutral linkage between
the two has been suggested [94], there is convincing
evidence against a neutral coupling [95—97]. Indeed,
in some epithelia the coupling seems very far from
neutral. Thus, in toad urinary bladder, a study of the
rate of potassium entry to the cells using 42K led
Robinson and Macknight [64] to the conclusion that
there were far more sodium ions extruded than potas-
sium taken up. To the extent that any serosal sodium
entered the transporting cells and was extruded by a
sodium pump in exchange for serosal potassium, the
calculations upon which their conclusion was based
would have underestimated the ratio of sodium ex-
truded to potassium taken up by the cell.
How does potassium actually enter the cell across
the basolateral membrane? The seemingly uncoupled
nature of the potassium influx would argue against
uptake of all potassium on the pump mechanism
concerned in active sodium extrusion. Thus, potas-
sium uptake could result simply as a consequence of
rheogenic sodium transport [5]. If this were so, the
thermodynamic activity of cellular potassium should
be that predicted from measurement of basolateral
membrane potential and medium potassium ac-
tivity. It is often argued in favour of an active
energy-dependent carrier-mediated potassium uptake
coupled to sodium extrusion that steady state cellular
potassium concentration in many cells is greater than
that consistent with electrochemical equilibrium. Un-
fortunately, only accurate measurements of both
membrane potential and thermodynamic activity of
cellular potassium can support or refute this claim
and such measurements, as discussed previously, are
difficult to obtain.
As in other tissues, however, whatever the coupling
mechanism, potassium accumulation is certainly de-
pendent upon active sodium transport. For example,
slices of renal cortex and toad bladder epithelial cells
lose potassium either when metabolism is inhibited
[35, 38, 54] or when the sodium pump is specifically
inhibited with cardiac glycosides [38, 39, 93, 98—100].
Yet, there are conditions under which inhibition of
transepithelial sodium transport does not result in
loss of cellular potassium. One might suppose that if
sodium transport across the epithelium were inhib-
ited by preventing sodium entry to the cell from the
luminal medium, thus decreasing the contribution of
electrogenic sodium transport to the basolateral
membrane potential, cellular potassium content
would decrease. Yet, direct measurements of cellular
potassium content in toad bladder epithelial cells
have shown that it does not fall significantly when
transepithelial sodium transport is inhibited by either
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removing sodium from the luminal medium or add-
ing amiloride, 10 or l0 M, to that medium [101].
Similarly, a comparison of potassium content of
paired hemibladders, one of which was incubated
under open-circuit conditions, the other of which was
short-circuited, revealed no significant difference in
either cellular potassium content or cellular water
content, seemingly showing that cellular potassium
concentration was unchanged in spite of the differ-
ence in transepithelial potential under these experi-
mental conditions [102]. This finding may be criti-
cized, since inevitably some seconds elapsed between
the times when short-circuited tissue was removed
from the incubation chambers and when the cells
were obtained for analysis. However, in view of the
relatively long half-time for potassium exchange in
the faster of the two identified cellular potassium
compartments 1641, it is unlikely that cellular potas-
sium can have changed dramatically between re-
moval of bladders and collection of the epithelial
cells. It will be of interest to investigate the relation-
ship between cellular potassium content and cellular
water content in hemibladders incubated under con-
ditions in which tissue is variably electrically polar-
ized. Such an investigation has begun in our labora-
tory.
At present then, the lack of effect of changes in
transepithelial transport or of altered transepithelial
potential on cellular potassium concentration is puz-
zling. One possible explanation, that cellular potas-
sium content is "fixed" as a consequence of negative
charges on cellular macromolecules to which the
membranes are impermeable, seems to be excluded
by the observations that epithelial cells lose potas-
sium and chloride, together with water in isosmotic
proportion, when hemibladders are bathed on their
serosal surfaces by potassium-free sodium Ringer's
solution [102].
Work, particularly with red cell ghosts, has re-
vealed interesting aspects of the kinetics of sodium
pump activity in relation to cellular ion concentra-
tion. Thus, the K1/2 for activation of the pump is
found with a cellular sodium concentration of about
20 mrvi [81], and the presence of the normal high
cellular concentration of potassium has an inhibitory
effect on sodium extrusion [103, 104]. Unfortunately,
our lack of knowledge of the relationships in epithe-
hal cells between active sodium transport across the
basolateral cell membrane and cellular sodium and
potassium concentrations makes any discussion of
the effects of cellular potassium concentration on
sodium pump kinetics in epithelial cells inevitably
highly speculative and therefore premature.
In summary, the maintenance of normal cellular
potassium involves sodium transport activated by
cardiac glycoside sensitive (Na-K)-ATPase. How-
ever, the detailed relationships between sodium ex-
trusion and potassium uptake by epithelial cells are
still to be established. It is likely that sodium trans-
port is rheogenic and that net potassium uptake is at
least in part dependent simply on the electrical poten-
tial gradient established by the rheogenic pump.
Though sodium enters most epithelial cells across
their luminal membranes, potassium-sodium ex-
change in many epithelia is largely confined to the
basolateral surface of the cell.
Transepithelial movements of potassium
It is sodium transport rather than potassium trans-
port which characterizes most epithelia. However,
transepithelial potassium movements do occur, and it
is of interest to examine potassium movements across
a variety of epithelia. In so doing, the problems of
characterizing transepithelial potentials, membrane
potentials, cellular ion activities, and membrane con-
ductances will become all too apparent.
The following terminology is used: absorption or
reabsorption means net movement from lumen to
interstitial fluid, secretion means net movement from
interstitial fluid to lumen. Both may be passive or
active and may occur between or across epithehial
cells. By passive movement is meant net movement
across a membrane in a direction predicted from the
electrochemical potential gradient at that membrane.
Active movement implies that the flow of the ion or
solute is coupled to the expenditure of metabolic
energy. To establish active transport experimentally
one usually requires that the movement be shown to
occur against the electrochemical gradient and be
independent of flows of other solutes or of water
across the membrane.
1.) Exocrine glands
a.) Salivary glands. Some at least of the mamma-
lian exocrine glands transport potassium, secreting it
from blood to lumen. Of these, the salivary glands
have been most extensively investigated and their
physiology reviewed [105—107].
The composition of saliva differs from species to
species, between different pairs of glands from the
same species, and from the same gland in any species
depending upon the stimuli. In spite of these varia-
tions, certain general statements can be made with
regard to salivary potassium. The information upon
which these statements are based has come in very
large measure from the techniques of micropuncture
and microperfusion which have yielded so much in-
formation to renal physiologists.
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Acinar cells. The primary secretion of saliva occurs
from the acinar cells. In most species the secretion of
saliva is an intermittent process under both para-
sympathetic and sympathetic nervous control.
Changes in acinar cell serosal membrane potential
result either from nerve stimulation or from choliner-
gic or adrenergic drugs. Stimulation of cholinergic
and a-adrenergic receptors increases membrane con-
ductance to potassium and to a lesser extent to so-
dium and, therefore, usually results in hyperpolariza-
tion, whereas stimulation of f3-adrenergic receptors
may cause depolarization [108, 109]. These effects,
however, may depend upon the initial membrane po-
tential of the cell and do not necessarily indicate that
different nervous innervation produces different spe-
cific changes in conductance. It is the stimulation of
the cholinergic and a-adrenergic receptors which
seems, at least in mouse and rat, to be associated with
the salt and water secretion [110]. Whether this
change in serosal membrane potential initiates sa-
livary secretion remains to be established, though it
has been suggested that calcium ions may be involved
in linking changes in potential to secretion [111].
Neither is it clear how changes in the serosal mem-
brane permeability affect luminal membrane per-
meability. Nevertheless, there is increasing evidence
that the high potassium concentration found tran-
siently in saliva following stimulation of the glands
results from movement of potassium from acinar
cells to lumen [112—114]. The potassium concentra-
tion of venous blood draining the gland also rises
[112, 115]. This transient increase in potassium secre-
tion is most marked following sympathetic stimula-
tion, when saliva with concentrations of potassium as
high as 136 to 160 mi may be produced [114].
Though this potassium has derived largely from the
acinar cells, potassium secretion from duct cells is
also increased by autonomic stimulation [116, 117]
and may contribute to the initial high concentration
of potassium in the saliva. Once salivation is estab-
lished, however, the secretion of potassium decreases,
and the acinar fluid approaches a composition similar
to that of interstitial fluid, with a potassium concen-
tration ranging between 5 and 12 mrvi [1061.
The mechanism of formation of the primary secre-
tion in the acinus remains to be established. The basal
membrane contains a Na-K-ATPase sensitive to car-
diac glycosides. The basal membrane potential is ori-
ented in the usual direction, the inside of the cell
being negative to the outside. Though earlier esti-
mates suggested that the potential was rather low,
more recent measurements [118—121] yield potentials
as high as 70 to 80 mV in some cells. Measurement of
tissue ions and water in slices of cat sublingual gland,
with correction for inulin space, provides a derived
cellular potassium concentration of nearly 150 mM
[122, 123]. This may tentatively be taken to suggest
that acinar cell potassium is not in electrochemical
equilibrium across the membrane, for EK, calculated
from the Nernst equation, would be —90 mV. The
evidence that cellular hyperpolarization induced by
cholinergic and a-adrenergic stimulation is asso-
ciated with increased permeability to potassium [110,
124—126] supports this conclusion.
Unfortunately, we have little information about
the electrical potential across the luminal membrane
of the acinar cells. Transepithelial potential differ-
ence [122, 127] is small (—2 to +2 mV) in the un-
stimulated gland. Following stimulation, this poten-
tial becomes somewhat more negative (about —10
mY). The conclusion, that luminal membrane poten-
tial difference, therefore, is very similar to basal mem-
brane potential difference, may, however, no longer
be tenable in view of the unknown, but possibly, large
shunt pathway for current-flow through the tight
junctions between the cells, which could prevent ac-
curate measurement of the electromotive force across
the luminal membrane [18], as discussed in the pre-
ceding section of this article, "Measurements of elec-
trical potentials in epithelia."
Despite the difficulties, models for the ion and
water movements associated with the formation of
the primary secretion have been proposed [106, 111].
Across the basal cell membrane, cardiac glycoside-
sensitive (Na—K)-ATPase is involved in gener-
ating the high cellular concentration of potassium
and low concentration of sodium. At the luminal
membrane, sodium is transported actively to the lu-
men, its movement being coupled to chloride and
water within secretory canaliculi (tortuous luminal
projections extending between the acinar cells and
separated from the basolateral intercellular spaces by
tight junctions). This formation of the secretory fluid
in the acinus is inhibited less by ouabain (l0 M)
than by ethacrynic acid (l0 M) [128] but, in view of
the effects of ethacrynic acid on cellular metabolism
[129—135], the possibility ofa second sodium pump at
the luminal surface remains conjectural. The secre-
tion of potassium into the acinar fluid from the cells
may, when secretion is established and luminal potas-
sium concentration is low, result from passive diffu-
sion down a gradient created by active potassium
uptake to the cell across the basolateral membrane.
The high initial potassium concentrations (as great as
130 to 160 mi [114] when secretion is stimulated
might also result from passive diffusion across a lu-
minal membrane made more permeable as a result of
the stimulation. However, in the absence of accurate
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measurements of luminal membrane potential, it is
not possible to decide whether this initial increased
potassium secretion can be due solely to net passive
diffusion from cell to lumen.
Duct cells. Once salivary secretion is established,
most of the potassium leaving the glands comes not
from the acini but from the duct cells. In vivo and in
vitro micropuncture, m icrocatheterization, and
microperfusion studies have provided overwhelming
evidence for sodium absorption and potassium secre-
tion by duct cells, both processes being influenced by
nervous and hormonal stimulation. Thus, stimula-
tion of cholinergic and /3-adrenergic receptors may
increase sodium absorption and affect potassium se-
cretion [114, 116, 117]. Supramaximal stimulation of
the sympathetic nerves decreased net fluxes of sodium
from, and potassium to, the lumen in submaxillary
duct of rats, an effect mediated by a-adrenergic re-
ceptors [136]. Aldosterone [137, 138] promotes so-
dium reabsorption from the duct and may increase
potassium secretion.
As fluid flows from the acini through the ducts,
potassium is continuously secreted and sodium reab-
sorbed. The concentration of potassium in the final
saliva is influenced by flow rate, being greatest when
flow is slowest. However, as flow rate increases, po-
tassium concentration does not decrease expo-
nentially, but levels off at a concentration of about 30
m. Thus, the amount of potassium secreted in-
creases as flow rate rises [1171.
Transepithelial potential difference across the main
salivary ducts perfused in vitro is about 70 mV, lumen
negative, in rat [139, 1401. (Across the rabbit main
duct, it is considerably lower, —20 mV, [141], appar-
ently reflecting the higher permeability of the para-
cellular shunt pathway to chloride in the rabbit
[142].) At zero perfusion, as sodium was reabsorbed
from the luminal fluid, it decreased to 11 mV [139].
Under these conditions, virtually all sodium had been
absorbed from the duct lumen, and the potassium
concentration had risen to 135 mvi. It has been con-
cluded that both sodium absorption and potassium
secretion are active processes. What is not resolved,
however, is whether the active step in potassium se-
cretion lies at the basolateral membrane, where a
ouabain-sensitive and possibly electrogenic sodium
pump [143] involving (Na-K)-ATPase could generate
a high cellular potassium concentration, or at the
luminal membrane. Unfortunately, there are prob-
lems in measuring luminal membrane potential in
duct cells. Without these measurements it is not pos-
sible to decide whether potassium secretion across the
luminal membrane is an active or a passive process. It
is, however, possible that the movement is passive,
for although the concentration of potassium reached
in the lumen may be high [144], other epithelia such
as amphibian skin [20, 145], urinary bladder [21,
146], and frog gastric mucosa [22], across which large
transepithelial potential differences are sustained,
have been found to have their luminal surface nega-
tive in relation to their cell interior.
Whether active or passive, entry of potassium to
the lumen from the cell seems not to occur by simple
diffusion. Altering luminal potassium concentration
does not affect the transepithelial potential difference
greatly [139, 147], the secretion of potassium does not
generate any transepithelial potential difference [139,
147], and the flux of potassium from lumen to pen-
tubular fluid is extremely low [147]. For these rea-
sons, it has been suggested that there is an electrically
neutral coupled exchange of potassium for either so-
dium [147] or hydrogen ion [149]. Amiloride, l0- M,
abolished the transepithelial potential difference
across rat salivary duct [148, 149], but although net
transepithelial sodium transport decreased to zero,
20% of net potassium secretion remained and was
accompanied by bicarbonate secretion. Knauf and
Lübcke [149] suggest that luminal potassium-hydro-
gen exchange explains this amiloride-insensitive po-
tassium secretion. The identification in membrane
from rat submaxillary duct of a bicarbonate-
ATPase [150], whose activity is modified by potas-
sium, may provide an enzymatic basis for potassium-
hydrogen exchange. Potassium excretion may also be
dissociated from sodium reabsorption in salivary
ducts by cytochalasin B [151]. At luminal concentra-
tions of 5 X 10 or l0 M, this agent inhibited net
potassium secretion more than net sodium reabsorp-
tion. Changes in transepithelial potential difference,
in luminal membrane potassium conductance, and in
lumen to interstitium flux of potassium were excluded
as explanations. The effects of cytochalasin B, there-
fore, lend support to the hypothesis that potassium
secretion involves more than simple diffusion from
cell to luminal fluid. Potassium secretion into the
duct may also be regulated by calcium in the luminal
fluid: for perfusion of the main excretory duct of the
rat submaxillary gland with EGTA in a calcium-free
medium increased potassium secretion by 9% [152].
In summary, potassium is secreted by both acinar
and duct cells in salivary glands. The potassium se-
cretion from acinar cells is under nervous control,
being most marked upon initial stimulation of the
gland and involving the loss of cellular potassium to
the acinus. Whether this is an active or a passive
secretion of potassium across the luminal membrane
of the cell has yet to be determined. Measurements of
basolateral membrane potentials and estimates of ccl-
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lular potassium concentration suggest that potassium
is actively accumulated by the cells from the inter-
stitial fluid.
Potassium secretion by the duct cells is related to
sodium absorption. More sodium is normally ab-
sorbed than potassium is secreted, for some sodium is
accompanied by chloride. Thus, the saliva may be
rendered hyposmotic to plasma. The mechanism of
potassium secretion is unclear. If the potential profile
across these cells is similar to that measured across
amphibian epithelia, potassium secretion from cell to
lumen need not be uphill. There is evidence, however,
that the secretion does not reflect simple passive dif-
fusion of potassium but instead involves coupled po-
tassium-sodium, or potassium-hydrogen exchange.
b.) Sweat glands. Sweat is a hyposmotic solution
thought to be produced in a manner analogous to
saliva, a primary fluid produced in the secretory coil
and being modified by transepithelial movements of
ions in a relatively water impermeable duct. Techni-
cal difficulties have hindered the investigation of
sweat formation. However, Mangos [153], who per-
fused human sweat ducts in vitro, and Sato [154],
who developed a technique for obtaining fluid from
either ducts or secretory coils of isolated monkey
sweat glands, found evidence suggesting potassium
secretion from interstitial fluid to the duct. The con-
centration gradient established by the ducts was mod-
est and in perfusion experiments inversely related to
the rate of duct perfusion, the highest concentration,
15.6 m, being found with a perfusion rate of 5.2
nI/duct . mm [153]. Measurements of net sodium
reabsorption and net potassium secretion revealed a
ratio of from 7.2 to 13.6 [153]. Therefore, assuming
no important back diffusion of potassium, sodium
and potassium movements were not coupled one-to-
one. Ouabain, 5 X l05M, in the interstitial fluid
virtually eliminated potassium secretion, suggesting
that the energy-dependent active step in this secretion
was at the basal membrane of the cell. Sodium reab-
sorption was also markedly inhibited.
Of particular interest in relation to epithelial potas-
sium transport is the finding that the rat paw sweat
gland produces a secretion whose concentration of
potassium may be as high as 150 mi [155, 156] and
independent of flow rate [154]. Since the ducts of
these glands are short and rudimentary, it is sug-
gested that the composition of the sweat reflects the
composition of the primary secretion [154]. Unfortu-
nately, little is known of the detailed mechanisms
involved in the formation of this secretion.
c.) Lacrimal glands. Relatively few studies of this
gland, which produces an isosmotic secretion, have
been reported. Evidence obtained by Alexander, van
Lennep, and Young [157], who used micropuncture
and duct cannulation techniques, shows that the
primary acinar secretion (collected from the inter-
calated ducts) resembles plasma in composition and
is not affected by cholinergic stimulation. As this
primary fluid flows along the ducts, it is modified by
secretion of potassium and, possibly, by some ab-
sorption of sodium, through the latter was seen only
at low flow rates. At low flow rates, potassium con-
centrations as high as 134 m were observed; at
higher flow rates, the concentration stabilized at 46
m. Without accurate measurements of trans-
epithelial and membrane potential differences, it is
not possible to decide whether potassium secretion
represents a passive or an active process in this gland.
d.) Pancreas. Unlike the salivary glands, sweat
glands, and lacrimal glands, potassium secretion is
not a feature of the pancreas. Mangos and McSherry
[158] and Swanson and Solomon [159, 160] used
micropuncture techniques to examine the composi-
tion of acinar and ductal fluids. There is agreement
that the concentration of potassium in acinar fluid is
little higher than in plasma (6 to 8 mM), its concentra-
tion is independent of flow rate, and no net fluxes of
potassium occur across the ducts [158—161]. How-
ever, this may not be true in the rat where Sewell and
Young [162] have recently found an increased con-
centration of potassium in pancreatic juice following
stimulation by secretin but not by cholecystokinin. It
is suggested that this increased potassium reflects re-
lease from centro-acinar and duct cells, rather than
from the acinar cells. It seems reasonable to accept
that the slightly higher potassium concentration in
the lumen, as opposed to the interstitial fluid, reflects
a small leak of potassium from cell to lumen down
the electrochemical gradient created by potassium
accumulation in the cell across the basolateral mem-
brane. As in other epithelia, ouabain sensitive (Na-
K)-ATPase has been identified in pancreatic exocrine
cells [163].
e.) Mammary glands. Milk is a specialized fluid in
which fat, protein, and lactose are secreted with water
and electrolytes. The mechanisms of milk secretion
have been reviewed by Linzell and Peaker [164]. Only
the secretion of potassium will be discussed here.
Milk is synthesized and secreted by cells lining
acini, from which it drains through ducts to the
nipple. The potential difference between blood and
acinar fluid is low, +3 mV, lumen positive. Micro-
electrode measurments across the basolateral mem-
brane show that the interior of the cell is electrically
negative by 34 mV(rat) to 41 mV (guinea pig) [164].
The presence of (Na-K)-ATPase at this membrane
[164], together with cellular ion concentrations de-
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rived from analysis of slices of mammary gland [165],
suggest that potassium is actively accumulated by the
cells from the blood. It is not necessary to postulate
energy-dependent movements of potassium across
the luminal membranes, for the electrochemical po-
tential gradient favors potassium diffusion from the
cell to the lumen where its concentration reaches
24 mvi in the guinea pig. This concentration is, how-
ever, too high for potassium to be in electrochemical
equilibrium between milk and blood. Therefore, one
would expect some net passive diffusion from milk to
blood across the "tight" junctions between the cells
in the acini. The "leakiness" of this paracellular path-
way varies from species to species and may be in-
fluenced also by hormones. In the goat it is relatively
"tight," but its permeability is increased by oxytocin
[166]. In the rabbit it is normally relatively leaky
[167]. Prolactin decreases the leakiness, oxytocin in-
creases it [166].
Though potassium may cross the apical membrane
of the secreting cells by simple passive diffusion, it
has been suggested that some at least of the ions and
water entering the acinar lumen do so by equilibrat-
ing within the cell between cytoplasm and Golgi yes-
ides as a consequence of the secretion of lactose into
these vesicics and the osmotic effect thereby exerted.
The Golgi vesicles swell, merge with the luminal cell
membrane, and discharge their contents into the lu-
men [168].
Unlike the other exocrine glands, the cells lining
the ducts of the mammary glands seem not to he
involved in ion transport [169]. There was no loss,
over 60 mm, of labelled ions from milk introduced
into an isolated portion of the teat mucosa of the
goat, which is lined by duct epithelium, though radio-
active water was gradually absorbed. In addition,
radioactive potassium (42K) in blood did not enter the
milk.
f) Seminiferous tubules. In the testis, the semi-
niferous tubules secrete a fluid rich in potassium, the
composition of which is modified by absorption of
ions and water as it flows through the epididymis and
vas.
Microtechniques have revealed that the potassium
concentration in the primary secretion during free-
flow is 50 to 60 mr'i [170—172]. It may reach double
that concentration when flow is prevented [170]. This
secretion, thought to be formed by the Sertoli cells
independently of spermatogenesis [172], is associated
with a transepithelial potential difference of a few
millivolts, lumen negative. The mean electrical poten-
tial across the basolateral membranes of the Sertoli
cells in isolated rat seminiferous tubules was 28 mV
(cell interior negative) with a range of 8 to 60 mV
[172]. They behaved as a rather poor potassium elec-
trode, and the potential across them was depressed,
though not abolished by ouabain, 10 M, perhaps
reflecting the insensitivity of the rat to cardiac glyco-
sides. Since the primary fluid is rich in bicarbonate, it
is of interest that acetazolamide also depressed the
basolateral membrane potential, though exogenous
carbon dioxide or bicarbonate was not required in
the medium for the maintenance of the potential.
Again, as with the primary secretions from the other
exocrine glands, the question of how potassium is
secreted from cell to lumen is unresolved.
As fluid flows from the seminiferous tubules to the
epididymis, potassium is reahsorhed to a greater ex-
tent than water (potassium concentration falls from
50 to 60 m to 16 m [171]. Since the potassium
moves down its electrochemical gradient from lumen
to peritubular space, this absorption may well be
passive. Potassium concentration rises again as fluid
proceeds towards the vas, while sodium concentra-
tion decreases. Both ions here move against their
transepithelial electrochemical gradients, but detailed
information about the relationships between these
movements is lacking.
2.) Stria vascularis
The stria vascularis lines the outer wall of the cen-
tral compartment, scala media, of the mammalian
cochlea into which it secretes the endolymph. This
fluid differs sharply in composition from other extra-
cellular fluids in that it has a potassium concentration
similar to that of cells, 150 mM [173], and a sodium
concentration, measured with sodium-sensitive mi-
croelectrodes, of no more than 2 mM[174]. A poten-
tial difference af about 80 mV, endolymph positive,
exists between endolymph and plasma [175] in mam-
ma Is.
There is good evidence that this potential is not a
diffusion potential reflecting an imbalance between
the rates of passive movement of ions across the
membrane, but instead arises from rheogenic potas-
sium transport from blood to endolymph. A sodium
diffusion potential can be excluded, for perfusion of
the scala media with a solution containing 20 mi
sodium resulted in hyperpolarization, not depolariza-
tion as would be required of a sodium diffusion po-
tential [174]. A rheogenic transport, from endolymph
to blood, of chloride may also be excluded, for Sellick
and Bock [176] report that reducing the chloride
concentration of endolymph from the usual 130 mi
to as low as 3 m did not decrease the endocochlear
potential difference. In support of a rheogenic potas-
sium transport are the observations that hypoxia
[177], ouabain [178—180], and sodium cyanide [176]
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rapidly abolish the positive potential without initial
changes in endolymph composition. Alternatively,
abrupt decreases in endolymph potassium concentra-
tion, produced by microperfusion of solutions of low
potassium concentration through the scala media,
did not cause an immediate decrease in potential,
though potential did fall to a new plateau level [1761.
Based on these observations and estimates of the
passive conductance of the membrane for potassium,
Schick and Bock [1761 concluded that the positive
endocochlear potential resulted from rheogenic po-
tassium transport. The site of the active step in such
transport, and its mechanism, remain to be defined.
Kuijpers and Bonting [178, 179] suggested that the
(Na-K)-ATPase in the cells of the stria vascularis was
intimately involved in the generation of the positive
potential. In support of this they noted the depen-
dence of the endocochlear potential on endolymph
potassium concentration, the parallelism between the
progressive decrease in the magnitude of the endo-
cochlear potential from the basal to the apical turn of
the cochlear, and the decrease in activity of (Na-K)-
ATPase, and the inhibition by ouabain of both (Na-
K)-ATPase activity and endocochlear potential. Fur-
thermore, the similarities between the effects of oua-
bain, of anoxia, and of cyanide on the endocochlear
potential suggested that the energy for ion transport
came from oxidative metabolism, in agreement with
the very high oxygen consumption per unit weight of
this tissue [181]. Sellick and Johnstone [180] found
that perfusion of the perilymphatic space with lO M
ethacrynic acid, which alters endolymph composition
[182], produced a rapid fall in the endocochlear po-
tential from a positive to a negative value before the
potential was abolished after 80 mm. Ouabain, 10-
M, had a similar, though slightly slower, effect. The
negative endocochlear potential produced by eth-
acrynic acid, however, was rapidly reduced by
anoxia, whereas that produced by ouabain was in-
sensitive to anoxia and remained so when ethacrynic
acid was also present. These authors suggested that
ethacrynic acid had affected a pump other than that
inhibited by ouabain, and that the cells of the stria
vascularis contain two ion pumps: first, a rheogenic
potassium pump, sensitive to ethacrynic acid, located
on the endolymph side of the cell and responsible for
generating the postive, anoxia-sensitive potential;
second, a sodium-potassium exchange pump in-
volving (Na-K)-ATPase, located on the basolateral
membrane, inhibited by hypoxia and by ouabain and,
eventually, by ethacrynic acid. This sodium-potas-
sium pump might also function rheogenically, but in
the opposite direction to the potassium pump, and it
would contribute to the negative overshoot in the
endocochlear potential which is reduced by hypoxia
in the presence of ethacrynic acid.
Unfortunately, in view of the seemingly unique
features of potassium transport by the stria vascu-
laris, it is not possible as yet to provide a full descrip-
tion of the process. Without measurements of the
potential differences across the luminal and basal
cellular membranes, it is impossible to localize the
transport mechanism to one or other membrane,
though there is the intriguing observation that a micro-
electrode traversing the stria vascularis encounters
only one positive potential step [174]. The large po-
tential difference established across the tissue, how-
ever, indicates that the junctions between the cells
must be electrically "tight," and suggests that the cell
membrane facing the endolymph has a low per-
meability to all ions. The role of the (Na-K)-ATPase,
if any, at this membrane is unclear. Is the postulated
pump purely a potassium extruding mechanism, or is
it capable of transporting sodium from the endo-
lymph to the cell? The fact that the endolymph
sodium concentration is normally so low (less than 2
mM), lower than that required for sodium to be in
electrochemical equilibrium, suggests that it may be
actively removed from the endolymph. A coupling
between potassium extrusion to the endolymph and
sodium uptake would explain the decreased endo-
cochlear potential observed when the scala media was
perfused with solutions low in potassium and high in
sodium [176]. It could also be consistent with the
hyperpolarization observed when the scala media was
perfused with a solution containing 20 mrvi sodium
[174], for this concentration might serve to increase
the activity of the (Na-K)-ATPase and result in a
greater rate of potassium transport from cell to en-
dolymph. As sodium concentration in the endolymph
were increased, however, the entry of sodium would
act to shunt out the potential difference, and endo-
cochlear potential might fall. A sodium-potassium
pump in the membrane facing the endolymph would
also be consistent with the lack of inhibitory effect of
ouabain on endocochlear potential when perfused
through the scala media [183, 184], for ouabain acts
to inhibit transport at the same side as it is activated
by potassium. The present evidence then would not
appear to exclude a variably coupled Na-K pump at
the cell membrane bathed by the endolymph, and
such a pump could obtain its energy from the activity
of the (Na-K)-ATPase. The role of the (Na-K)-
ATPase at the basal surface of the cell would be to
remove sodium transported to the cell from the en do-
lymph and to maintain cellular potassium at the
concentration required for optimal transport of this
ion from cell to endolymph. It would be most inter-
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esting to have an estimate of cellular potassium in
this tissue. Though the (Na-K)-ATPase is normally
activated by low concentrations of potassium, one
advantage of a potassium concentration similar to
that of other cells would be to decrease the electro-
chemical gradient driving potassium from en-
dolymph to cell, and thereby decrease the work re-
quired to maintain the high endolymph potassium
concentration which seems to be required for the
normal functioning of the receptor cells bathed by the
endolymph. Ouabain could abolish the positive endo-
cochlear potential both by blocking the basal mem-
brane (Na-K)-ATPase and by entering the cells to
block the luminal membrane enzyme. The effects of
ethacrynic acid reported by Sellick and Johnstone
[180] are difficult to interpret, since the effect of this
diuretic can not readily be attributed to the inhibition
ofa specific process [129—135].
Alternatively, it might not be necessary to postu-
late such a complex model. If the membrane facing
the endolymph were highly permeable to potassium,
and if the basolateral membrane were relatively im-
permeable to all ions, then potassium uptake and
sodium extrusion across this membrane could, if not
tightly coupled, generate the positive endocochlear
potential. However, since chloride is also not in dcc-
trochemical equilibrium between endolymph and in-
terstitial fluid, either this ion also must be actively
transported from cell to interstitial fluid, or the "lu-
minal" membrane must be impermeable to it. John-
stone and Sellick [174] proposed a model somewhat
similar to this, and investigations of endolymph pro-
duction in the frog [185], would be consistent with it.
In amphibia, however, there is only a small potential
difference between endolymph and perilymph, and
the problem of chloride distribution does not arise.
3.) Choroid plexus
The composition of the cerebrospinal fluid (CSF)
reflects, in part, the activities of the epithelial cells
which line the choroid plexuses found in the roofs of
the third and fourth ventricles and in the walls of the
two lateral ventricles in the brain, The potassium
concentration of the CSF is held relatively constant
despite variations in plama concentration of this ion
[186], and in experiments in which CSF potassium
concentration was elevated above to 2 to 3 mM, there
was a very steep increase in net potassium flux from
CSF to plasma [187], in part reflecting potassium
transport across the choroid plexus. Ouabain 10 M
in the CSF produced a 55% increase in potassium
concentration [188]. These observations suggest that
the cellular membrane facing the CSF contains a
sodium-potassium, ouabain-sensitive pump, in-
volving (Na-K)-ATPase, which moves potassium
into the cell from the CSF. It seems also to be in-
volved in the primary secretion of the CSF [1901.
There is little, if any, potential difference across the
choroid plexus in amphibia [189, 191]. In the rabbit,
values of about 4 mY [187] and of 14 mV [192] have
been reported. Though potassium seems to be trans-
ported into the cells from the CSF by an active proc-
ess, it is not known whether potassium moves from
cells to blood actively or passively. In the frog cho-
roid plexus, a combined biochemical and autora-
diographic study has localized ouabain-binding sites
to the surface of the cells facing the CSF [190], the
only surface at which ouabain inhibits potassium or
sodium transport. This suggests that both sodium
and potassium movements between cells and blood
may be passive.
Potassium transport therefore occurs from CSF to
plasma and seems to be of importance in maintaining
the constancy of the CS F's potassium concentration
upon which nervous activity is critically dependent.
4.) Gastro-intestinal tract
a.) Esophagus. The transepithelial potential differ-
ence across mammalian esophageal mucosa seems
related solely to sodium absorption [193]. There is as
yet no suggestion of potassium transport in this seg-
men t.
b.) Stomach. Movements of potassium across the
stomach seem to be either small [194] or negligible
[195], though the concentration in gastric juice is
normally somewhat higher than in plasma (in man, 8
to 20 mM). A lumen negative potential across the
gastric mucosa would favour potassium secretion
which is probably passive rather than active [194].
The source of the secreted potassium is partly the
potassium of the parietal cells and partly other gastric
mucosal cells [196].
c.) Small intestine. The small intestine, comprising
jejunum proximally and ileum distally, provides a
typical example of a "leaky" epithelium [I]. There is
a transepithelial potential difference of 3 to 6 mV
only, lumen negative, and it is estimated that at least
85 to 90% of the total tissue conductance is accounted
for by the shunt pathway [197], which is thought to
involve the "tight" junctions and lateral intercellular
spaces of the tissue [I].
There is general agreement that the net absorption
of potassium across jejunum and ileum is a passive
consequence of the electrochemical gradient [3, 19,
198—2031. This net movement can be markedly af-
fected by solvent drag as water crosses the epithelium
[200—202], and the passive nature of potassium distri-
bution across the small intestine, together with the
coupling of potassium movement to water flow, sug-
gest that paracellular rather than cellular pathways
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are the route for this movement. This conclusion is
supported by some unpublished work of Field and
Schooley, cited by Schultz [19]. These workers have
found that in the short-circuited rabbit ileum, in vitro
bidirectional fluxes of potassium seem to be restricted
to the shunt pathway. Since the concentration of
potassium in the cells lining the small intestine is high
[204], and measurements of intestinal cellular potas-
sium activity using potassium-sensitive micro-
electrodes reveal that most if not all potassium is in
free solution [31, 205], the suggestions that trans-
epithelial potassium movements are confined to a
paracellular pathway implies either a) that potassium
leakage from cell to lumen is offset by potassium
uptake across the luminal membrane, the cellular
potassium thus representing a balance between leak
and uptake at both luminal and basolateral mem-
branes, or b) that the luminal membrane is essentially
impermeable to potassium. The latter hypothesis is
consistent with the known potassium impermeability
of lumina! membranes in other epithelia, for ex-
ample, toad urinary bladder [64], and with the local-
ization of (Na-K)-ATPase to the basolateral mem-
brane [85, 86, 206]. The cellular potassium will then
be determined solely across the basolateral mem-
brane by the balance between potassium uptake as a
consequence of the activity of the sodium pump and
passive leaks of potassium.
d.) Colon and rectum. The epithelium lining the
colon seems less "leaky" than that lining the jejunum
and ileum. Transepithelial potential differences in the
ascending and descending colon are somewhat
greater than in the small intestine, and may be 20 to
40 mV, lumen negative, in the rectum [207, 208]. The
origin of this potential difference is though to be
electrogenic sodium absorption [209]. Some workers
believe that, as in the small intestine, net potassium
movements across the large intestine are a passive
consequence of the transepithelial electrochemical
potential gradient for potassium [210, 211]. Depend-
ing upon the orientation of the electrochemical
gradient, there may be net potassium absorption, no
net movement, or net potassium secretion. However,
several groups have reported a net secretion of potas-
sium which may exceed that predicted from the dcc-
trochemical gradient [207, 212, 213]. Interpretation
of this finding is complicated, for it is possible that
loss of potassium from goblet cells when mucus is
secreted may contribute to this [208, 212, 214], as
may desquamated epithelial cells themselves [208,
214] and even colonic bacteria [208]. As in the small
intestine, the direction and extent of net water move-
ment can influence the movement of potassium [208].
Little is known about cellular potassium in colon
and rectum or about the relative permeabilities of
luminal or basolateral membranes to potassium. It
seems likely, in view of the closeness of potassium to
electrochemical equilibrium between lumen and in-
terstitial fluid, that luminal membrane permeability
to potassium, as in the small intestine, is low and that
cellular potassium will be determined by a balance
across the basolateral membrane between potassium
uptake as a consequence of active sodium extrusion
and passive leaks of potassium.
Potassium secretion in the large intestine is
markedly increased by the hormone aldosterone
which also stimulates sodium absorption and in-
creases the transepithelial potential difference
[216—218]. Dolman and Edmonds [219] found that
though aldosterone increased sodium absorption in
both proximal and distal colon of the rat in vivo,
potassium secretion was increased only in the distal
colon. Net potassium secretion in these experiments
occurred only after aldosterone stimulation. A clear
relationship exists between aldosterone and the activ-
ity of (Na-K)-ATPase in the mucosa of the colon
[220]. Deoxycorticosterone and methylprednisolone
may also increase the activity of (Na-K)-ATPase in
the gut [221]. In rats, deoxycorticosterone acted on
the colon, whereas methyiprednisolone increased wa-
ter and sodium reabsorption and stimulated potas-
sium secretion in the jejunum, ileum, and colon, It is
suggested that the increased potassium secretion
caused by aldosterone and other steroid hormones
results from the increased electrical potential differ-
ence across the epithelium [2 19—221] and is thus pas-
sive secretion.
In summary, potassium transport throughout the
intestine involves mainly passive movement of this
ion down its electrochemical gradient. Potassium ab-
sorption and secretion would therefore be secondary
to sodium and water movements across the intestinal
epithelium and might take place through paracellular
shunt pathways, the luminal membranes of the epi-
thelial cells being essentially impermeable to this ion.
5.) Kidne;
Potassium movements across renal epithelium are
dealt with in detail by Wright [222] and will be but
briefly outlined here. The renal handling of potas-
sium, which is normally responsible in the mammal
for the maintenance of potassium homeostasis, has
been more thoroughly investigated than has potas-
sium transport across any other mammalian epithe-
hum. It is only for this epithehium that we have esti-
mates of most of the parameters required for an
analysis of transepithelial potassium movements.
In the proximal tubule, potassium filtered at the
glomerulus is reabsorbed. Whether this represents an
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active or a passive process is critically dependent on
the extent of potassium coupling to water movements
and on the electrical potential gradient across the
epithelium. The evidence is at present conflicting
12221.
For the distal tubular epithelium, which may both
secrete and reabsorb potassium, we have estimates of
a) unidirectional fluxes of this ion across both lu-
minal and perituhular membranes [223], b) cellular
ion activity measured with potassium-sensitive mi-
croelectrodes [28], c) transepithelial potential differ-
ence and lumirial and basolateral membrane poten-
tials [15, 16, 224, 225], and d) ionic conductances of
luminal and basolateral membranes [2, 224]. From
this information Giebisch 1711 has developed a model
for potassium handling in the distal tubule which
features a) sodium-potassium exchange across the
peritubular (basolateral) membrane involving the
(Na-K)-ATPase and which is responsible for trans-
epithelial sodium transport as well as for the mainte-
nance of cellular potassium concentration, b) potas-
sium diffusion from cell to luminal fluid across the
luminal membrane, c) potassium uptake from lu-
minal fluid to cell. There are some interesting features
of this model in relation to our understanding of
epithelial transport of potassium. First, potassium
secretion is critically dependent upon cellular potas-
sium concentration, which is regulated by potassium
uptake across the peritubular membrane [223]. This
uptake seems not to be coupled rigidly to sodium
extrusion, rather there is considerable evidence for
rheogenic sodium transport at this membrane [97,
2261. Second, potassium secretion from cell to lumen
is influenced by tubular sodium concentration,
though it is now believed that no tight coupling of
sodium to potassium movements exists. Rather, the
electrical potential gradient generated by sodium
reabsorption is thought to provide the driving force
for potassium secretion. Whether this secretion oc-
curs by simple passive diffusion, by facilitated diffu-
sion, or even by energy-dependent "downhill" move-
ment is not established, but it is dependent upon rate
of flow of tubular fluid [227, 2281. Aldosterone pro-
motes potassium secretion in this segment of the tu-
bule [229, 230], possibly as a secondary consequence
of its stimulation of sodium reabsorption, for de-
creased delivery of sodium to the tubule decreases
potassium secretion. Third, it is postulated that active
potassium reabsorption also occurs across the lu-
minal membrane in the distal tubule. Evidence for
this includes the finding that ouabain increases potas-
sium concentration in the tubular fluid. In the experi-
ments of Strieder et al [231], ouabain was injected
directly into the renal artery of the rat. Since ouabain
would be filtered at the glomerulus, it could have
affected potassium secretion in the distal tubule at the
outer surfaces of either the luminal or the peritubular
membrane. It could also have crossed the peritubular
membrane to affect the inner surface of the luminal
membrane. If ouabain were inhibiting (Na-K)-AT-
Pase in these experiments, it could have increased
tubular potassium by competing with potassium for
receptors at the tubular face of the luminal meni-
brane, thereby blocking potassium reabsorption.
This would imply that the mechanism reabsorbing
potassium here might do so in exchange for sodium
secreted from cells to lumen, though there is no ex-
perimental evidence to support this conjecture. Alter-
natively, the effect of ouabain might have been lim-
ited to the basolateral surface of the distal tubular
cells where it would block (Na-K)-ATPase. Thus,
transepithelial sodium transport would be inhibited,
and potassium uptake from peritubular space to cell
blocked. Since it is thought that sodium enters the
cell from the tubular fluid by a passive process, so-
dium of luminal origin would accumulate in the cell.
(For example, an increased cellular sodium of mu-
cosal origin is found in toad bladder epithelial cells
whose transport is blocked by ouabain [83].) Indeed,
the permeability to sodium of the basolateral mem-
branes of epithelial cells in many epithelia may be
very low [3, 4, 93, 101, 232], so that following oua-
bain inhibition, the sodium gained may be largely of
mucosal origin. Since the luminal membrane of the
distal tubular cell is more permeable to potassium
than to chloride, potassium would tend to be lost
from the cell to the lumen rather than chloride be
gained by the cell with sodium. Thus, after ouabain,
even though only sodium-potassium movements at
the basolateral membrane might have been inhibited,
tubular potassium concentration could increase as a
consequence of increased passive loss of potassium
across the luminal membrane. Therefore, the higher
luminal potassium concentration after ouabain may
not of itself establish the presence of an active potas-
sium pump in the luminal membrane transporting
potassium into the cell.
Potassium handling in the collecting tubule seems
to differ from that in the distal tubule. There is evi-
dence for a sodium-sensitive potassium pump at the
luminal membrane, which is rheogenic [233—235],
and which is inhibited by increased luminal hydrogen
ion concentration [235] and by amiloride [234].
6.) Thiroid gland
The thyroid gland consists of spherical follicles,
each of which contains a gelatinous secretion and is
lined by epithelial cells. Experiments using micro-
puncture techniques [236—2381 reveal that this secre-
tion contains a higher concentration of potassium (15
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to 17 mM) than interstitial fluid. Available measure-
ments suggest that no important transepithelial po-
tential difference exists across the epithelial cells be-
tween interstitial fluid and the follicular contents
[239], and appreciable binding of potassium to fol-
licular proteins seems to have been excluded [237].
The mechanisms responsible for establishing this po-
tassium gradient across the epithelial cells remain to
be delineated. However, the observations that the
concentration of potassium is linearly related to the
protein concentration in the follicle [237] and that
iodide uptake by the thyroid is linked to potassium
entry to the cells from the interstitial fluid [240] sug-
gest that follicular potassium accumulation is asso-
ciated with functional activity of the follicles. Young,
Hayden, and Shagrin [238] have shown that altera-
tions in thyroid function produced in rats by the use
of high and low iodide diets, and by thyroxine alone
or with potassium perchlorate, lead to changes in
follicular potassium concentrations, in keeping with
this suggestion.
7.) Insect epithelia
No survey of potassium transport across epithelia
would be complete without some reference to potas-
sium transport by insect epithelia. Three examples,
potassium secretion from hemolymph to midgut lu-
men of the silk worm Hyalophora cecropia, potassium
transport by malphigian tubules, and potassium se-
cretion across insect integument, will be briefly men-
tioned.
Silkworm midgut. The isolated silkworm midgut
actively transports potassium from the hemolymph
to lumen by an oxygen-dependent rheogenic pump
which requires no counterion [2411 and is not inhib-
ited by ouabain [242, 243]. Rubidium is transported
almost as well as potassium. The basolateral mem-
brane of the cells is permeable to potassium. Across
the apical membrane there is a large potential step,
suggesting that the transport mechanism is sited at
this membrane. The relatively simple histological
structure of the epithelium, a single layer of cells of
only two types, columnar and goblet, has encouraged
efforts to quantify the potassium transport pool in
this tissue by analysis of tracer kinetics. Unfortu-
nately, this question has not been resolved. While
Harvey and Wood [244, 245] have provided evidence
that the pool involves most, if not all, of the cellular
potassium, Zerahn [246] has argued from observa-
tions on the rapid change in substitution experiments,
from potassium to cesium transport, that the pool is
very small. The controversy illustrates the very real
difficulties of computing pool size from kinetic data.
Malpighian tubule. These long slender tubes, which
lie in the insect hemocoelom, secrete an isosmotic
solution rich in potassium into the hind-gut from
which, particularly in the rectum, there is selective
reabsorption. Ramsay [247, 248] developed elegant in
vitro techniques for examining the function of the
malpighian tubules and first suggested that potassium
secretion provided the driving force for fluid move-
ments in the tubules. Maddrell [249] provides typical
figures for malphigian tubular transport. With a con-
centration of potassium of 10 mM in the bathing
media, the concentration in the secreted fluid can be
125 mM, with a transepithelial potential, lumen posi-
tive, of the order of 30 mV. That active transport of
potassium is responsible for this movement of potas-
sium against its electrochemical potential gradient is
supported by the discovery that removal of potas-
sium from the bathing medium decreases fluid secre-
tion markedly [250]. Measurements of cellular poten-
tials suggest that the cell interior is about 20 mV
negative to the bathing solution and 50 mV negative
to the lumen [247]. Therefore it has been postulated
that an electrogenic potassium pump is situated on
the luminal membrane. How potassium enters the
cells from the bathing medium is not established. The
electrical potential gradient would favor potassium
entry but, as Berridge [250] has shown, at any potas-
sium concentration in the bathing fluid, sodium ac-
celerates potassium secretion. This effect is most
marked at bath potassium concentration of up to 20
mM. It is unlikely that this reflects sodium-potassium
pumping across the basolateral membrane, for the
basal membrane is relatively impermeable to sodium,
and the secretion of potassium is unaffected by oua-
bain [251]. Alternative possibilities include an effect
of sodium on membrane potassium permeability.
Integumentary epithelium. After mitosis of the in-
tegumentary epithelial cells and prior to formation of
a new epicuticle, moulting gel is formed from zymo-
gen granules produced by these epithelial cells and is
secreted into the ecdysial space which will persist
between the old and new cuticles. Jungreis and Har-
vey 1252] have recently shown that in the larvae of the
silkmoth Hyalaphora ceropia, the fluid in this cc-
dysial space during moulting is a potassium salt solu-
tion formed by active transport of potassium across
the epithelium from the hemocoelom. Thus, the
moulting fluid was about 10 mV positive to the
hemolymph at a time when the potassium concentra-
tions in the fluids were 130 to 170 mM and 30 to 50
mM, respectively. Under short circuit conditions with
media of equal potassium concentration bathing both
surfaces, there was a net flux of potassium towards
the outer surface of the epithelium, which accounted
for a large fraction of the short circuit current. This
transport of potassium required oxygen, no counter-
ion was needed, and ouabain did not inhibit the
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transport. At an appropriate stage during ecdysis of
the adult saturniid moth, its labial gland has a some-
what similar function in producing a potassium-rich
secretion containing an enzyme. During secretion,
the lumen of the gland was electrically positive to the
hemolymph by about 25 mV, ouabain had little in-
hibitory effect on secretion, which was dependent on
metabolism, and rubidium could substitute for potas-
sium in the hemolymph [253].
Conclusions. Net movements of potassium occur
across a variety of epithelia. In general, absorption of
potassium occurs across "leaky" epithelia (intestine,
renal proximal tubule), is driven by small electrical
potential gradients, is affected by water movement, is
a passive process, and occurs between, rather than
through, the epithelial cells. Secretion of potassium
may be similar, but seems more often to involve
movements of potassium through cells across basolat-
eral and luminal membranes from interstitial fluid to
lumen. These processes are summarized in Figure I.
Baso-lateral membranes are relatively permeable to
potassium, contain the (Na-K)-ATPase, and as a
consequence of the electrical potential gradient gen-
erated by rheogenic sodium transport, and possibly
also by uptake coupled directly to sodium extrusion,
cellular potassium concentration is held at much
higher concentrations than are found in the inter-
stitial fluid. Luminal membranes of epithelial cells
are, in general, highly impermeable to potassium, an
important property since potassium homeostasis
would require that potassium accumulated by these
cells should not be lost too readily to the luminal
solutions and excreted. Nevertheless, some epithelia
secrete potassium. Whether the movement of potas-
sium across the luminal membrane is passive or ac-
tive remains unclear, hut there is evidence that it may
be carrier-mediated and in some epithelia involve
neutral ion exchange. Nevertheless, since potassium
uptake at the basolateral membranes is coupled to an
energy-dependent process, potassium secretion can
only be maintained across the luminal membrane in
metabolizing cells. The final concentration of potas-
sium in the fluid will be determined by the balance
between the rate of secretion, the rate of back-diffu-
sion from lumen to interstitial fluid through para-
cellular and cellular pathways, and the rate of flow of
fluid along the tubule.
In several epithelia (kidney tubules, salivary
glands, sweat glands, intestinal tract), potassium se-
cretion is decreased by adrenelectomy and increased,
at least to some extent, by aldosterone and other
mineralocorticoids. These effects seem to be second-
ary to effects on sodium transport. The precise mech-
anism by which aldosterone stimulates sodium trans-
port remains controversial [229]. Insect epithelia
transport potassium by an electrogenic mechanism,
whose relation to the mechanisms involved in mam-
malian potassium transport remains to be estab-
lished.
Potassium in relation to transepithelial sodium transport
The preceding section has demonstrated the close
interrelationship between transepithelial potassium
movements and transepithelial sodium transport.
Thus, potassium secretion is critically dependent
upon sodium transport from lumen to interstitial












Fig. 1. Potassium movements in epithelia. A. Potassium absorption.
Cellular potassium is determined by a balance between potassium
uptake and loss predominantly across the basolateral membrane.
Potassium uptake may be coupled to sodium extrusion directly on
the pump or indirectly via rheogenic sodium extrusion. Potassium
absorption results from passive movement through the "tight"junctions and lateral intercellular spaces. The orientation of the
electrochemical potential gradient for potassium favors net move-
ment from the lumen to the serosa. B. Potassium secretion. This
depends upon energy dependent potassium uptake to the cell from
the serosa as shown in A. Loss of cellular potassium to the lumen
could involved I) an active energy-dependent extrusion of potas-
sium which could be coupled to passive sodium entry to the cells,
2) an exchange of cellular potassium for either hydrogen or sodium
in the lumen, or 31 a passive diffusion of potassium from the cell to
the medium. Energy-dependent mechanisms are denoted by the
circle (0) across the appropriate membrane. Active transport is
shown by solid lines, and passive transport by broken lines.
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ship between these two cations—the dependence of
sodium absorption on interstitial fluid potassium
concentration. In many epithelia [90, 94, 254—2571,
absence of potassium from the interstitial fluid pro-
duces a profound inhibition of sodium transport. At
least two explanations have been advanced to explain
this effect. First, if sodium transport across the
basolateral membrane were rigidly coupled to potas-
sium uptake, removal of potassium from the serosal
medium would naturally have an inhibitory effect on
sodium transport [94]. Alternatively, Essig and Leaf
[258], from studies on toad urinary bladder, pro-
posed that sodium entry to the cells across the lu-
mirial membrane was inhibited in the absence of in-
terstitial potassium. Robinson and Macknight [64,
102, 257] have recently examined the relationships
between interstitial concentration of potassium, cel-
lular composition, and transepithelial sodium trans-
port in toad urinary bladder by combining the tech-
niques for measuring electrical parameters of
transport in hemibladders mounted in chambers with
a method for obtaining the epithelial cells alone for
analysis of ions and water [39, 93, 101]. Several ob-
servations argued against the hypothesis that the ab-
sence of potassium from the interstitial fluid directly
inhibited sodium transport. First, transepithelial so-
dium transport does not seem to be rigidly coupled to
potassium uptake [64, 258]. Second, simple inhibition
of the pump should, as is seen with ouabain, be
accompanied by a net gain of sodium of luminal
origin by the cells. No such gain could be demon-
strated [102]. Third, when sodium was replaced by
choline as the major cation in the interstitial fluid,
removal of potassium produced much less inhibition
of sodium transport [64, 258]. Since choline cannot
substitute for potassium in activating the (Na-K)-
ATPase [259], the low potassium concentration could
not directly have inhibited sodium transport. Fourth,
only a very slow recovery in sodium transport was
observed when potassium at normal concentration
was restored to the interstitial fluid [257].
An alternative hypothesis, that the decreased cellu-
lar volume which is observed as a consequence of
potassium and chloride loss in potassium-free inter-
stitial fluid was responsible for the inhibition of so-
dium transport, was rendered unlikely by the fact
that removal of potassium from a hyposmotic me-
dium prevented cellular shrinkage but not inhibition
of sodium transport [102]. It is suggested instead that
the inhibition of transepithelial sodium transport was
a consequence of the decreased cellular concentration
of potassium which, by inhibiting enzymes required
for normal metabolic activity, decreased the energy
available for active sodium transport [102]. Further
work will be required to explore this possibility.
Summary
Potassium movements across cellular membranes,
and across epithelia, and the dependency of trans-
epithelial sodium transport on serosal potassium are
discussed. The characterization of net potassium
movements as passive or as active is critically depen-
dent upon a) the electromotive force acting across the
membrane and b) the thermodynamic activity of the
potassium ion in the compartments between which it
is exchanging. Problems in their measurement are
discussed. Cellular potassium is determined by a bal-
ance between uptake to and loss from the cells. Loss
is by passive diffusion; uptake is related to active ex-
trusion of sodium from the cells. Whether this results
from a direct coupling on a carrier molecule or from
an electromotive force generated by rheogenic ex-
trusion of sodium, and the precise relationships be-
tween the movements of these two ions, are still de-
batable. The maintenance of a high cellular
potassium concentration, which reflects the activity
of the (Na-K)-ATPase, is essential for normal cellu-
lar metabolism. For example, potassium is required
for a variety of enzymatic reactions [260] and for
ribosomal integrity [261]. Transepithelial movements
of potassium are essential for homeostasis, absorp-
tion, and secretion of this ion in gastrointestinal tract
and kidneys being adjusted to maintain body potas-
sium in a steady state. A survey of potassium move-
ments across epithelia suggests that, in general, the
absorption of potassium is a passive process which
occurs between, rather than through, the epithelial
cells, whereas secretion of potassium occurs, at least
in part, across the cells. It may be passive or active
and involve interaction of potassium with the luminal
membrane. Secretion of potassium is normally de-
pendent upon sodium absorption and is influenced by
cellular potassium concentration, which in turn is
dependent upon potassium uptake across the baso-
lateral membranes of the cells. The mechanisms con-
trolling potassium secretion are, however, only
poorly understood [262]. Transepithelial sodium
transport is critically dependent upon potassium in
the serosal medium. This dependency may reflect a
requirement of cellular potassium for normal cellular
metabolism, a
° Note added in proof Since this review was completed, Nd-
tans and Schultz [2631 and Frizzell and Jennings [2641 have re-
ported studies on potassium in epithelial cells of rabbit ileum
[263] and colon [2641 which show that only a fraction of cellular
potassium exchanges readily with medium potassium and that
there is no apparent obligatory tight coupling between transepithe-
hat sodium transport and potassium uptake across the basolateral
membrane, in agreement with the findings in toad bladder epithe-
fiat cells of Robinson and Macknight [64,102]. Furthermore, at
least in the colon [264], not less than 90% of the cell potassium
exchanges across the basolateral membranes, supporting the con-
clusion reached in the section on the gastrointestinal tract that
408 Macknight
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